Abstract. This study presents the total energy response of the hemi-cylindrical shell with a steel material under the external blast loading by employing both theoretical approach and numerical simulation. Analytical approach demonstrate that the total energy contributed from blast is inverse proportional to the thickness of shell. It is proportional to the inverse tangent function applied by the ratio of denotation coordinate over the radius of shell. Moreover, to verify the theoretical inference, several numerical simulations were carried out. Those result agree well.
Introduction
Hemi-cylindrical shell structures have been used and are being used in many buildings, especially in gymnasium, modern library and all the building with large span roofs [1] [2] [3] . Nowadays, in the design of large span roofs, the blast load is rarely taken account into. Due to the increased precision and large lethality of modern weapons, lots of civil structures have become vulnerable to extreme shock loads [4, 5] .
Most of them are related to dynamic response of isotropic shell structures subjected to blast load [6, 7] . Ximei Zhai and Yonghui Wang [9] used explicit programme LS-DYNA to simulate a long-span reticulated shell under loading to investigate the structure dynamic responses. Sigit P. Santosa, Faizal Arifurrahman [10] studied the response analysis of blast impact loading of metal-foam sandwich panels via numerical simulation. Many experimental studies are related to shell structures subjected to blast loading. Robert V. Johns, Simon K. Clubley [11, 12] has investigated a long duration blast pressure experiment of cylindrical shell structure. Figure 1 . The geometry of model.
Control Equation
In this paper, the typical hemi-cylindrical shell with radius R and Length L was studied. The simple support is applied to both end of width shown in figure 1. And the denotation point is located at the original position (0,0,0). Based on the Love's thin shell assumption, equations of motion without damping load were derived by Donnell[13] seen as follows, 
where, φ is the Airy's stress function,
, ρ s , t , E , p are the stiffness, the density, the thickness, the elastic modulus and the pressure, respectively. ∇ is defined as
, is the differential operator. In the special case of cylindrical shells,
Relationship of Energy vs Thickness of Shell
Seen from the equation-2.1, it can be simplified to be an 8 th order linear differential equation listed as follows by substituting the 2 nd term into 1 st term of Eq-2.1,
Considering a short time of blast duration, the velocities of shell are very small. The coefficient of terms on the left of Eq-2.2 almost are proportional to thickness of t . That is mean, in the same blast pressure, geometry and materials, the displacement ω are approximately inverse proportional to the thickness t . As the energy is proportional to the displacement ω , it can deduce that the energy is inverse proportional to the thickness t as well. Exactly to say, / = E P t , where, P is a constant determined with geometry, materials and blast.
Pressure Load
The CONWEP algorithms was accepted to induce blast pressure by combining the reflected pressure (normal-incidence) value and the incident pressure (side-on incidence) value. Pressure load is calculated from Eq-2.3 by using keyword *LOAD_BLAST_SEGMENT_SET in LS-DYNA software, and figure 2 shows the blast load of simulation which is compliance to the Eq-2.3 exactly. 
Relationship of Energy vs Position of Denotation
The formula of pressure Impulse is as follows,
Assume the energy be proportional to the impulse and the area acted on the blast load. And if the denotation is at the position (0,0,Z), where Z is a variant, the energy can be skimpily deduced,
, the solution above can be simplified as below,
where, 1 ⋅ p is a constant parameter depended to the materials and geometry of shell. From Eq-2.5, E can get the max value when z =0.5 which is the middle exactly of length of the shell. 
Numerical Simulations Models
To verify the theoretical result, some numerical simulation was carried out via the commercial software LS-DYNA (licensed by ANSYS 17.0). the model was a common steel hemi-cylindrical shell with radius R =2.5 m, 5.0m, 7.5m, length L =30 m and 45m and thickness t =0.01 m. The material is steel of Q235 with Elastic modulus 2.1×10
11 Pa, Poison's ratio 0.23. After meshing, in the model, there were 7773 nodes and 1080 shell elements. The blast point was set to the position of (0, 0,0), and TNT charge weight was set to be 10kg. To save the calculate time, the death time of blast was set to 0.01s. Figure 4 shows the time histories of the global kinetic, internal and total energy. From the conservation of energy, the total energy should be the same after the blast time 0.01s, which can be seen in figure 4 . Figure 5 shows the displacement time history of P1 whose position is (0,0,5) and P2 (0,2.5,10) and the correspondent frequency of FFT. The plot expresses the shell vibrate combining with several frequencies and there is no dominant frequency.
Global Result

Pressure Analysis
For the duration of blast is roughly 0.1 seconds, the blast pressure was cutoff at 0.2 second and saved result at every 0.0002 seconds. Figure 6 depicts the blast pressure contour in time 0.018s, 0.036s, 0.080s, respectively. The blast pressure distribution is almost same at circumrenal direction. a). T=0.018s b). T=0.036s c). T=0.080s Figure 6 . The contour plot of blast pressure. Figure 7 shows the plot of blast pressure vs longitude distance with three time point at t=0.018s, 0.036s and 0.080s which is identical to figure 6. At the time 0.018s, it shows the pitch pressure is at the point about z=5 meters which is agreed with figure 7 . All the other data in figure 6 and figure 7 are fitted well mutually. 
Parameter Analysis
To obtain the relationship between thickness and energy, several simulations were conducted. As The figure 8 shows the plot of energy vs thickness of shell with different denotation point and the theory predication. It is noted that, the constant parameter P is determined by regression method from numerical result. It shows that the numerical data fit well with theoretical predication. Moreover, to verify the formula 2.5, several simulations with different ratio / z L listed below were carried out. All the models are applied with thickness 0.01, denotation position (0,0,0), TNT charge weight 10 kg. From the Eq-2.3, the constant parameter p1 cannot be determined in advance, which has to be calculated by regression analysis. In this paper, the constant parameter p1 is calculated by the least square method which is listed as table 3 . And the figure 9 shows the comparison of numerical result and theoretical predication. 
Energy vs Thickness
Energy vs Ratio z/L
/ z L R, L 0 E R, L 0 E / z L R, L 0 E R, L 0 E 0.
Conclusions
This study presents the structural dynamic response of the hemi-cylindrical shell with a typical steel material under the external blast loading by employing both theoretical approach and numerical model. Analytical approach presents the energy contributed by blast is inverse proportional to the thickness of shell. It is proportional to the inverse tangent function applied by the ratio of denotation coordinate over the radius of shell. Moreover, the theoretical predication is verified by several numerical simulations.
